Although much is known concerning brain-language relations in adults, little is known about how these functions might be represented during the developmental period. We report results from 17 normal children, ages 7-18 years, who have successfully completed a word fluency paradigm during functional magnetic resonance imaging at 3 Tesla. Regions of activation replicate those reported for adult subjects. However, a statistically significant association between hemispheric lateralization of activation and age was found in the children. Specifically, although most subjects at all ages showed left hemisphere dominance for this task, the degree of lateralization increased with age. This study demonstrates that fMRI can reveal developmental shifts in the pattern of brain activation associated with semantic language function.
INTRODUCTION
Functional magnetic resonance imaging (fMRI) is now an established method for studying language pathology in adults (Demb et al., 1997 Eden et al., 1996 Eden et al., , 1998 Shaywitz et al., 1998) . Use of fMRI with pediatric subjects is also becoming increasingly widespread (Booth et al., 1999; Hertz-Pannier et al., 1997; . Application of fMRI to the study of language in children offers significant potential for providing insight into a wide range of pediatric disorders because language is one of the earliest markers for the presence of a developmental or acquired neurologic disorder. This underscores the importance of understanding the physiologic correlates of language development in both normal children and children with brain pathologies. In this study we use fMRI to investigate changes in hemispheric lateralization of brain activation associated with normal development in children performing a verbal fluency task.
Various language tasks have been used in fMRI studies, word fluency tasks being among the most widely used (Baciu et al., 1999; Benson et al., 1999; Cuenod et al., 1995; Eulitz et al., 1994; Gaillard et al., 2000; Hinke et al., 1993; Lehericy et al., 2000; Loring et al., 2000; Pujol et al., 1999; Xiong et al., 1998) , and results have been widely replicated for adult subjects. Across studies, activation during word fluency tasks has been consistently reported for the inferior frontal gyrus. Other frequently reported areas of activation include dorsolateral prefrontal cortex, superior temporal gyrus, middle temporal gyrus, and cingulate gyrus. The frontal and temporal activations are typically reported as left sided or left lateralized.
Variants of word fluency paradigms exist that can be successfully completed even by young children (HertzPannier et al., 1997; Holland, 2000) . One such "child-friendly" word fluency paradigm is the verb generation task introduced by Petersen (1988) . This task involves naming (covertly or overtly) verbs that correspond to a given noun. A pattern of left lateralization in frontal and temporal lobes for this task, and in other word fluency paradigms, has been demonstrated in normal adults (Benson et al., 1995 (Benson et al., , 1999 Xiong et al., 1998) and children with epilepsy (Hertz-Pannier et al., 1997; Holland et al., 1999a Holland et al., , 1999b . However, no information is available to indicate whether this pattern also applies to normal children whose language skills are still developing. Given that word fluency tasks show a behavioral trend towards increases in the number of words generated with age, it is possible that the degree of lateralization may shift as children improve in this skill with age. In the few studies that have examined word fluency with fMRI in pediatric subjects (Gaillard et al., 2000; HertzPannier et al., 1997) , no age-related changes have been reported. However, this may have been due to methodological factors. Each of these studies included a relatively small number of children. Furthermore, the youngest child scanned was age 8 years. It is possible that the inclusion of younger children may extend the developmental range sufficiently to detect trends not apparent when only older children are scanned.
The purpose of this study is to examine whether developmental changes in language lateralization occur as a function of age in pediatric subjects performing a semantic language function. Given the established pattern of frontal and temporal activation seen in both adult and child subjects in word fluency paradigms, we expect to see activation in these regions. However, because word fluency is a task for which children become increasingly proficient as vocabulary expands with age, we hypothesize that we might see a shift in the degree of lateralization, toward increasing left hemisphere dominance with age.
MATERIALS AND METHODS
A total of 33 children were recruited to participate in the study. Data for the Verb Generation task was successfully acquired on a total of 17 children between the ages of 7 and 18 years (mean age ϭ 12.2 years). Eleven of the subjects were female (mean age ϭ 13.5 years) and six were male (mean ageϭ 9.8 years). Sixteen were right-handed and one was left-handed. All subjects were native monolingual English speakers. Table 1 summarizes the gender and ages of the subjects. All potential participants were screened by questionnaire and structured interview for the inclusion and exclusion criteria shown in the Appendix. Four girls (ages 6, 7, 8, and 8) and one boy (age 9) were unable to comply with the requirements of the fMRI scans because they were too anxious about entering the MRI scanner. Two 5-year-olds, two 6-year-olds, and one 7-year-old did not perform the verb generation task during the scanning session due to their short attention spans. Data from one 9-year-old was excluded because it was discovered following the scans that he was unable to hear the audio prompts. In addition, data from six subjects (one 6-year-old boy, one 7-year-old boy, one 8-year-old boy, three 9-year-old girls) were excluded due to gross motion artifacts. All children underwent a neurological examination (RHS) and had normal findings with the exception of one child with mild left esotropia. The structural MR images obtained for each subject during this study were read as normal by a pediatric neuroradiologist. Two subjects had lateral ventricles that were large and one subject had a large cisterna magna, but all were considered within a normal range.
The Wechsler Intelligence Scale for Children, Third Edition (WISC-III) was administered to children between the ages of 6 and 16. The Wechsler Adult Intelligence Scale, Third Edition (WAIS-III) was administered to 17-and 18-year-olds. Each of these tests yields a Verbal IQ, a Performance IQ, and a Full Scale IQ, all with a mean of 100 and a standard deviation of 15. The mean Full Scale IQ score in this sample was 116 (Ϯ20). The oral subtests (Oral Expression and Listening Comprehension) of the Oral and Written Language Scales (OWLS) (Carrow-Woolfolk, 1995) were administered to all participants. These subtest scores have a mean of 100 and a standard deviation of 15. The subjects' mean standard score for the OWLS Listening Comprehension subtest was 113 (Ϯ16) and for the OWLS Oral Expression subtest was 118 (Ϯ8).
The subjects in this study completed up to four language tasks, which were given in counterbalanced order across subjects. This study reports the results on one of these, the word-fluency task. For this, we used a verb generation task based on that described by Petersen and colleagues (Petersen et al., 1988) and adapted for fMRI by Benson et al. (1995 Benson et al. ( , 1999 Benson et al. ( , 1994 . This task involves presentation of a series of concrete nouns for which subjects are required to name an action associated with each. For example, if the noun "ball" is presented, the subject might generate the verbs "throw," "kick," and "hit." In the present version of the task, we used auditory presentation of nouns. We have previously reported that auditory presentation produces more reliable lateralization than visual presentation of noun prompts (Holland et al., 1999b) and the young age of some of the subjects precluded the use of printed word prompts.
The subject was instructed to think the verbs silently, but not to say them aloud, in order to minimize the motion artifact associated with speech. The task was rehearsed prior to the scan, first with verbal responses to check that the child comprehended the task, and then silently to assure the child would perform it correctly during the scan. Thirty-second periods of verb generation (six nouns presented at 5-s intervals) were interleaved with 30-s periods during which children performed a control task of bilateral finger tapping. The noun prompts were recorded in a female voice and each was said with duration of less than 1 s.
Periods of verb generation were interleaved with periods during which children performed a control task, in a periodic block design. We chose to use a bilateral finger tapping task as the control condition for the Verb Generation task. The sensory-motor response to bilateral finger tapping has been extensively investigated in the clinical literature and in previous studies of pediatric epilepsy patients (Holland et al., 1999b) . In order to parallel the auditory stimulation and response initiation in the Verb Generation task, the subject was instructed to sequentially tap the fingers to the thumbs on both hands simultaneously whenever a target tone was heard. The rate of the sequential tapping was self paced and the subject was instructed to stop tapping after touching each finger to the thumb twice. This control task was designed to control for the auditory prompt used in the Verb Generation task, to distract the subject from verb generation during the control period, to provide observable confirmation of compliance with the task, and to provide activation of the motor strip as reference data for each subject. The scans were performed on a Bruker Biospec 30/60 MRI scanner based on a 60 cm, 3.0 Tesla magnet (Bruker Medizintechnik, Karlsruhe, Germany). A T2*-weighted, gradient-echo, EPI sequence was used for fMRI scans with the following parameters: TR/TE ϭ 3000/38 ms, FOV ϭ 25.6 ϫ 25.6 cm, matrix ϭ 64 ϫ 64, slice thickness ϭ 5 mm. Twenty-four slices were acquired at 110 time points during the alternating 30-s periods of control and activation for a total imaging time of 5 min, 30 s. The initial 10 time points were discarded to allow the protons to reach T1 relaxation equilibrium. In addition, a 3-D MDEFT (Modified Driven Equilibrium Fourier Transform) whole brain scan was performed in an axial plane (Duewll et al., 1996; Ugurbil et al., 1993) . Parameters for this scan are as follows: TR/TE/ ϭ 15.7/4.3/550 ms, FOV ϭ 19.2 ϫ 25.6 ϫ 16.0 cm, matrix ϭ 256 ϫ 192 ϫ 128, total imaging time ϭ 14 min, 40 s.
The task stimuli were presented using an MRI compatible audiovisual system (Resonance Technologies Inc., Van Nuys, CA). This system is equipped with a high-quality pneumatic headphone that was used to administer the audio stimuli and to provide up to 30 dB of sound isolation from the MRI scanner noise. During the orientation process for the task and fMRI scanning, the sound levels of the noun prompts over the headphones were set so as to be easily audible by each subject over the scanner background noise. Typically this resulted in headphone sound pressure levels of 95-100 dBA over the range frequency range of the stimulus (250 -8000 Hz).
FMRI image postprocessing was done using Cincinnati Children's Hospital Image Processing Software (CCHIPS) (Schmithorst, 2000) developed in the IRC at CHMC in the IDL software environment (Research Systems Inc., Boulder, CO). A Hamming filter was applied to the raw EPI data prior to reconstruction to reduce the truncation artifacts at the edges of k-space and reduce high-frequency noise in the images (Lowe et al., 1997) . The data was visually inspected for motion and, where gross motion was apparent, the data was thrown out. Six subjects were disqualified due to gross motion, and thus data from 17 subjects remained for further analysis. The data was then coregistered to further reduce the effects of motion artifacts using a pyramid coregistration algorithm developed by Thév-enaz and Unser (Thévenaz et al., 1998) , and baseline drift was corrected for using a quadratic baseline correction on a pixel-by-pixel basis (Hu et al., 1995; Le et al., 1996) .
On a pixel by pixel basis, cross-correlation values were computed by correlating the data with a boxcar reference waveform, and t statistics were computed by grouping the data into control and active datasets. The statistical parametric maps of both the cross-correlation coefficient and the t statistic were then transformed into Talairach space for composite analysis.
The statistical parametric maps for the t-statistic were averaged across all subjects. Pixels where the average t statistic was greater than or equal to 0.63 were then overlaid across the averaged anatomical dataset. A composite activation map based on the average t statistic for all (N ϭ 17) subjects was then computed. Using the Cornish-Fisher expansion, the t statistic threshold used in the composite map corresponds to a nominal P value of 0.01.
In order to investigate changes in activation patterns with age, the t statistic values were correlated with the ages of the subjects using the Spearman's rank-correlation coefficient. Pixels where P Ͻ 0.05 were overlaid on the averaged anatomical dataset. In order to improve specificity, the clustering method (Xiong et al., 1995) was used with a cluster size of 3.
A lateralization index (LI) was also calculated for each subject based on the individual cross-correlation activation maps. The LI was defined as the difference between the number of activated pixels in the left (L) and right (R) hemispheres divided by the total number of activated pixels (Benson et al., 1999; Binder et al., 1996; Desmond et al., 1995; Pujol et al., 1999; Xiong et al., 1998) : LI ϭ (⌺L Ϫ ⌺R)/(⌺L ϩ ⌺R). According to this formula, a positive LI indicates left hemisphere lateralization and a negative number indicates right lateralization. Numbers close to zero (i.e., Ϫ0.1 Յ LI Յ 0.1) indicate a bilateral language distribution. Hemisphere location was defined by the Talairach coordinate system. A threshold of 0.33 was used for the R value, determined via the randomization methods proposed by Arndt and colleagues (Arndt et al., 1996 (Arndt et al., , 1997 . The time ordering of the individual fMRI data was randomized on a pixel by pixel basis. The cross-correlation coefficient was computed for each pixel, and the falsepositive error rate found by dividing the number of activated pixels by the total number of pixels in the brain. Then 3% simulated activation was added to the data, the R values were computed again, and the falsenegative error rate was computed by dividing the number of nonactivated pixels by the total number of pixels in the brain. The false-positive error rates had minimum ϭ 7.2 ϫ 10-5, maximum ϭ 0.0008, mean ϭ 0.0004, and the false-negative error rates had minimum ϭ 0.002, maximum ϭ 0.027, mean ϭ 0.013. The stringent thresholding criterion was felt to be appropriate for rejecting possible false positive pixels resulting from motion and pulsatility artifacts, while still preserving an acceptable false negative error rate. Specificity was further improved using the clustering method (Xiong et al., 1995) with a cluster size of three pixels.
RESULTS
Randomization analysis results for the false activation rates for each subject are shown in Table 2 . LI values for each subject and the total number of activated pixels in each hemisphere, along with subject ages, are tabulated in Table 3 .
The regions typically associated with language are apparent in the composite map shown in Fig. 1 for the Verb Generation task. Activation is seen in Broca's area, Wernicke's area, the cingulate gyrus, and the dorsolateral prefrontal cortex, with the expected overall left hemispheric dominance.
The age-correlated activation map is shown in Fig. 2 . In this map, which highlights areas of the brain in which the level of activation as represented by the t statistic, correlates significantly with age, the only area of activation seen to correlate significantly with age is Broca's area in the left hemisphere.
In Fig. 3 the LI for each individual subject is plotted as a function of age for the Verb Generation task. The correlation between age and LI is significant (Spearman's R ϭ 0.63, P ϭ 0.006). Pearson correlations between the LI for the Verb Generation task and OWLS oral expression (R ϭ Ϫ0.16, P ϭ 0.60, n ϭ 13) and Full Scale IQ (R ϭ Ϫ0.22, P ϭ 0.39, N ϭ 17) are not significant.
DISCUSSION
Consistent with previous literature (Buckner et al., 1995; Cuenod et al., 1995; Eulitz et al., 1994; Freidman et al., 1998; Petersen et al., 1988; Schlosser et al., 1998; Xiong et al., 1998) , the Verb Generation task produced strongly left-lateralized activation in all but one of our pediatric subjects. However, in our pediatric subjects, the degree of lateralization, as measured by the LI, increased with age, suggesting that the left hemisphere specialization for language processing continues to increase over the age range studied. Consistent with this interpretation, the age-correlation map shown in Fig. 2 shows Broca's area in the left hemisphere correlating significantly with age, while no significant correlation is seen in the right hemisphere.
An additional interesting finding is that the number of pixels activated in the right hemisphere is found to be strongly, negatively correlated with age (R ϭ Ϫ0.64, P ϭ 0.0055), while no statistically significant negative correlation was found between age and the number of pixels activated in the left hemisphere (R ϭ Ϫ0.14, P ϭ 0.6). Likewise, the total number of activated pixels over the entire brain was not associated with age (R ϭ Ϫ0.31, P ϭ 0.22). These trends, considered together with the increasing activation intensity in Broca's area with age, suggest that activation not only shifts toward the left hemisphere with age, but it also becomes more focused within the left hemisphere.
The shift in lateralization occurred in the context of a skill that is known to improve with age. This improvement can be attributed to multiple factors, including an expanding corpus of lexical items that can be retrieved, improved understanding of semantic relations among words such as nouns and verbs, and improved cognitive resources that allow for more rapid retrieval of associated words. The fact that the inferior frontal gyrus, a region strongly associated with word fluency tasks, showed the greatest age-related change suggests that development of task-related cognitive 
FIG. 2.
Composite fMRI age correlation map for the verb generation task (N ϭ 17). T-statistic values were correlated with the ages of the subjects using the Spearman's rank-correlation coefficient. Pixels where the Spearman's correlation has a significance level of P Ͻ 0.05 were overlaid on the averaged anatomical image.
FIG. 3.
Lateralization index as a function of age for (N ϭ 17) children ages 7-18 included in the composite maps shown in Figs. 1 and 2. Solid black lines indicate the linear regression fit to the data from left lateralized subjects only (n ϭ 16) with the equation of best fit and the R 2 value of the fit shown on the figure. The LI value from the one right lateralized subject in the cohort is shown on the graph but is not included in the linear regression fit shown for the left lateralized subjects. and linguistic skills underlie the laterality shift. Lateralization shifts associated with maturational change alone would be expected to occur globally, if at all. Dissociating maturational changes from changes linked to language development might also be accomplished by contrasting language tasks for which there is little developmental change with tasks like verb generation for which children improve with age. We intend to address this issue directly in subsequent studies.
A potential confound in the results is the possibility for subject motion to induce false-positive voxels in the activation maps. If the younger subjects moved more during the fMRI scan, there would be more false positive voxels, which would move the LI toward symmetry, as the false-positive voxels would occur equally often in both hemispheres. While several attempts were made to reduce this effect, including visual inspection of the raw data, automated coregistration, and a relatively stringent thresholding criterion, the possibility of motion artifacts skewing the results toward lower LI value in the younger subjects still remains.
One right-handed male subject (age 7 years) was found to have strong right hemisphere lateralization (LI ϭ Ϫ0.31) for this task. Although the occurrence of true right hemisphere lateralization of language function is rare among normal right-handed adults, our finding of non-left lateralization in 1 of 23 normal pediatric subjects is in agreement with previous fMRI results of word generation tasks showing left hemisphere lateralization in 94 -96% of righthanded subjects (Pujol et al., 1999; Springer et al., 1999) .
CONCLUSION
The results reported here are consistent with our hypothesis that increasing proficiency in language skills with age leads to shift in activation toward greater lateralization in the left hemisphere. This agerelated shift was most pronounced in the region of the left inferior frontal gyrus, a region commonly associated with word fluency tasks.
Consistent with the aims of the study design, we have shown developmental trends in hemispheric lateralization of language function in the brain for a semantically weighted, Verb Generation task, using fMRI. It is difficult to discern from this data alone how much of the laterality shift is due to development of the language skill vs general maturational change. However, it is important to be aware of this developmental trend in brain lateralization for the Verb Generation task when using fMRI and word fluency tasks to assess hemispheric dominance for language in pediatric patients with epilepsy and other pathologies of involving language areas in the brain.
APPENDIX

Inclusion Criteria
Between 5 and 18 years of age Weight and height within the 5th to 95th percentile for age Normal physical neurologic examination, including head circumference within normal limits At least C-minus average in school Negative history of neurologic, psychologic, and neuropsychiatric disorder, including Attention Deficit-Hyperactivity Disorder, Tourette Syndrome, learning disability, etc. Assent for ages 5 through 17 and informed consent for age 18 Informed consent of parent or guardian of children ages 5 through 17 Negative pregnancy test for females of childbearing age
Exclusion Criteria
Standard MRI exclusion criteria Orthodontic braces or other metallic implants that obscure or interfere with MRI Special Education placement Full Scale IQ Ͻ 80 on WISC-III or WAIS-III Previous history of head trauma that is not included in the medical record Gestational age Ͻ 36 weeks or birth weight Ͻ 25th percentile
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